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causing sufficient depolarization of the myocardium that a propagating wave of 
excitation and contraction result (i.e., a heart beat). A pacing pulse that does not 
capture the heart is thus an ineffective pulse. This not only wastes energy from 
the limited energy resources (battery) of pacemaker, but can have deleterious 

5 physiological effects as well, since a demand pacemaker that is not achieving 
capture is not performing its function in enforcing a minimum heart rate. A 
number of factors can determine whether a given pacing pulse will achieve 
capture, but the principal factor of concern here is the energy of the pulse, which 
is a function of the pulse's amplitude and duration or width. Programmable 

10 pacemakers enable the amplitude and pulse width of pacing pulses to be 
adjusted, along with other parameters. It is therefore desirable to perform a 
capture verification test at selected times in order to ascertain whether capture is 
being achieved by a pacemaker so that such parameters can be adjusted if 
needed. 

15 A common technique used to determine if capture is present during a 

given cardiac cycle is to look for an "evoked response" immediately following a 
pacing pulse. The evoked response is the wave of depolarization that results 
from the pacing pulse and evidences that the paced chamber has responded 
appropriately and contracted. By detecting the evoked P-wave or evoked R- 
20 wave, the pacemaker is able to detect whether the pacing pulse (A-pulse or V- 
pulse) was effective in capturing the heart, that is, causing a contraction in the 
respective heart chamber. Capture verification can be performed in the clinical 
setting, with the clinician then adjusting pacing parameters so that the heart is 
reliably paced. It is desirable, however, for the pacemaker itself to be capable of 
25 verifying capture so that loss of capture can be detected when it occurs with 

pacing parameters then adjusted automatically, a function known as autocapture. 
An autocapture function provides the pacemaker with extended longevity, 
greater ease of use, and greater patient safety. In order for a pacemaker to detect 
whether an evoked P-wave or an evoked R-wave occurs immediately following 
30 an A-pulse or a V-pulse, a period of time, referred to as the atrial capture 
detection window or the ventricular capture detection window, respectively, 
starts after the generation of the pulse. Sensing channels are normally rendered 
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controller controls the operation of the pulse generators in response to sensed 
events and lapsed time intervals and in accordance with a programmed pacing 
mode. The controller is programmed to test a selected sensing/channel for 
presence or loss of capture by performing a capture verification test at a selected 
5 time. A capture verification test on a selected pacing electrode is performed by 
sensing whether an evoked response occurs during a capture detection window 
period following the output of a pacing pulse through the test electrode. The 
programming may dictate that a capture verification test is performed at periodic 
intervals or in response to a command received via a telemetry interface from an 

10 external programmer. 

In accordance with the invention, a dedicated evoked response sensing 
channel is provided which includes a sense amplifier for sensing an evoked 
response generated after a pacing pulse. Also, a switching circuit is provided 
that switches the input of the evoked response sensing channel to a selected 
15 electrode of the sensing/pacing channels before the capture verification test is 
performed. Preferably, the input of the evoked response sensing channel is 
switched to an electrode of a sensing/pacing channel other than the channel 
being tested during a capture verification test. The sense amplifier of the evoked 
response sensing channel is then blanked during the capture verification test for a 
20 specified blanking period following a pacing pulse output by the tested 
sensing/pacing channel, and the blanking period is followed by a capture 
detection window during which an evoked response may be sensed. 

Another advantage of using a dedicated sense amplifier for detecting 
evoked responses to paces is that a bandpass filter with a wide passband can be 
25 used. Sensing/pacing channels used for sensing intrinsic cardiac activity employ 
filters with narrow passbands in order to best detect the signals they are designed 
to sense. A typical signal due to an evoked response that is processed through 
such a narrow passband filter, however, results in a waveform that makes 
detection of the evoked response more difficult. Thus, the sensing amplifier of 
30 the dedicated evoked response sensing channel is preferably one with a wide 
passband. 
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metabolic demand of peripheral tissues. CHF can be due to a variety of 
etiologies, with ischemic heart disease being the most common. Some CHF 
patients suffer from some degree of AV block such that their cardiac output can 
be improved by synchronizing atrial and ventricular contractions with dual- 
5 chamber pacing using a short programmed AV delay time. It has also been 

shown, however, that some CHF patients suffer from intraventricular conduction 
defects (a.k.a. bundle branch blocks). The cardiac outputs of these can be 
increased by improving the synchronization of right and left ventricular 
contractions with biventricular pacing. 

10 One type of multi-site pacing involves fixing two or more pacing 

electrodes to separate sites of the same heart chamber, either an atrium or a 
ventricle. For example, one electrode may be fixed to the apical region of either 
the right or left ventricle with the other electrode fixed to a basal region of the 
same ventricle. In the case of the left ventricle, this may be most easily 

15 accomplished by using a coronary sinus lead (See U.S. Patent No. 5,935,160, 
hereby incorporated by reference) with distal and proximal electrodes. The 
ventricle can be paced in accordance with a programmed pacing mode with the 
electrodes being energized simultaneously during each pacing output in order to 
achieve near simultaneous activation of the ventricle. Alternatively, the pacing 

20 stimuli can be delivered to the ventricular electrodes sequentially with a 

specified time delay in order to take into account differing conduction times 
within the ventricle. 

In an exemplary embodiment of the invention described below with 
reference to the drawings, a capture verification test is performed by a multi-site 

25 pacemaker using a dedicated evoked response sensing channel. (As the term is 
used herein, the term "pacemaker" should be taken to mean any cardiac rhythm 
management device, such as an implantable cardioverter/defibrillator, with a 
pacing functionality.) In this test, it is determined whether or not a 
sensing/pacing channel is achieving capture with the pacing pulses delivered by 

30 the channel's electrode. The evoked response sensing channel includes a sense 
amplifier for sensing an evoked response generated after a pacing pulse is 
delivered. The evoked response sensing channel is connected to a selected 
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electrode of the pacemaker's sensing/pacing channels by means of a switching 
circuit. After switching the input of the evoked response sensing channel to the 
electrode that is to be tested to verify capture, a pacing pulse is output and an 
evoked response is either detected or not, signifying the presence or loss of 
5 capture, respectively Although the same electrode can be used for pacing and 
evoked response detection during a capture verification test, the input of me 
evoked response sensing channel preferably is switched to an electrode of 
another sensing/pacing channel. The particular electrode used for evoked 
response detection can be selected in accordance with which electrode is placed 
10 in a location where an evoked response due to the pacing electrode can be most 
easily sensed. The sense amplifier of the evoked response sensing channel is 
then blanked during the capture verification test for a specified blanking period 
following a pacing pulse output by the tested sensing/pacing channel. The 
blanking period is followed by a capture detection window during which an 
15 evoked response may be sensed by the evoked response sensing channel. In an 
exemplary embodiment, the blanking period may be approximately 10 ms, and 
the width of the capture detection window may range from 50 to 350 ms. 

A block diagram of a multi-site pacemaker having an atrial and two 
ventricularpacingchannelsisshowninFig. 1. The control unit of the 
20 pacemaker is made up of a microprocessor 10 communicating with a memory 12 
via a bidirectional data bus 13, where the memory 12 typically comprises a 
ROM (read-only memory) for program storage and a RAM (random-access 
memory) for data storage. The control unit could be implemented by other types 
of logic circuitry (e.g., discrete components or programmable logic arrays) using 
25 a state machine type of design, but a microprocessor-based system is preferable. 
The control unit is capable of operating the pacemaker in a number of 
programmed modes where a programmed mode defines how pacing pulses are 
output in response to sensed events and expiration of time intervals. A telemetry 
interface 80 is also provided for communicating with an external programmer. 
30 The pacemaker has an atrial sensing/pacing channel comprising ring 

electrode 43a, tip electrode 43b, sense amplifier 41, pulse generator 42, and an 
atrial channel interface 40 which communicates bidirectionally with a port of 
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microprocessor 10. The device also has two ventricular sensing/pacing channels 
that similarly include ring electrodes 23a and 33b, tip electrodes 23b and 33b, 
sense amplifiers 21 and 31, pulse generators 22 and 32, and ventricular channel 
interfaces 20 and 30. The electrodes are electrically connected to the device by 
5 means of a lead (not shown). For each channel, the same lead and electrode are 
used for both sensing and pacing. The pacemaker also has an evoked response 
sensing channel that comprises an evoked response channel interface 50 and a 
sense amplifier 51. The channel interfaces include analog-to-digital converters 
for digitizing sensing signal inputs from the sensing amplifiers, registers that can 
10 be written to for adjusting the gain and threshold values of the sensing 
amplifiers, and, in the case of the ventricular and atrial channel interfaces, 
registers for controlling the output of pacing pulses and/or changing the pacing 
pulse amplitude. 

Fig. 2 is a circuit diagram illustrating a conventional pacing output circuit 

15 100 which is representative of the pulse generators 22, 32, or 42 in Fig. 1 . The 
pacing output circuit 100 is designed to selectively generate and deliver stimulus 
pulses to the heart of a patient, indicated schematically as the resistive load 112, 
via a tip electrode 1 14 and ring electrode 1 16. The circuit 100 includes a power 
supply or battery 1 18, a first switch 120, a second switch 22, a third switch 124, 

20 a pacing charge storage capacitor 126, and a coupling capacitor 128, all of which 
operate under the direction of a microprocessor-based controller to perform a 
charging cycle, a pacing cycle, and a recharging cycle. The charging cycle 
involves closing the first switch 120 and opening the second and third switches 
122, 124 such that the pacing charge storage capacitor 126 is charged up to a 

25 predetermined voltage level. The pacing cycle involves opening the first and 
third switches 120, 124 and closing the second switch 122 such that the voltage 
within the pacing charge storage capacitor 126 may be discharged through the 
coupling capacitor 128 to the tip electrode 1 14 of the pacemaker. Immediately 
after pacing, the second and third switches 122, 124 are opened and the charges 

30 within the coupling capacitor 128 will decay slowly through leakage. The 

recharging cycle involves opening the first and second switches 120 and 122 and 
closing the third switch 124 for a predetermined period of time following the 
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pacing pulse to allow the coupling capacitor 128 to be discharged through the 
load 1 12. An improved version of the pulse generation circuit is described in 
U.S. Patent No. 5,843,136, issued to Zhu, et. al, which is hereby incorporated by 
reference. 

5 Referring back to Fig. 1, the electrodes are connected to the sense 

amplifiers by means of a switching circuit 70 which enables the amplifiers to be 
connected to selected tip or ring electrodes of any of the sensing/pacing channels 
that connect through the switching circuit 70. Each sense amplifier amplifies the 
voltage difference between two inputs, and the inputs may be selected from any 
10 of the tip or ring electrodes or the pacemaker case or can 60, which is also 
electrically connected to the switching circuit. The configuration of the 
switching circuit 70 is preferably implemented as an array of MOSFET 
transistors controlled by outputs of the controller 10. Fig. 3 shows a portion of a 
basic exemplary switching circuit. In this circuit, a pair of MOSFET transistors 
15 Ql and Q2 along with inverter INV form a double-pole switch that switches one 
of the inputs to amplifier 5 1 between ring electrode 23a and 33a. The other input 
is shown as being connected to can 60, but in other embodiments it may also be 
switched to one of the electrodes by means of the switching circuit In a more 
complicated version of the same basic pattern, the switching circuit 70 may be 
20 able to switch the inputs of the evoked response sensing channel to any of the tip 
or ring electrodes of the sensing/pacing channels or to the can 60. 

In another aspect of the invention, a backup pacing pulse is delivered by 
the pacemaker during a capture verification test if a loss of capture is detected. 
In a multi-site pacemaker, the backup pulse can be delivered using a pacing 
25 channel other than the one that has just delivered a pulse that failed to achieved 
capture, where both channels are configured to pace either the ventricles or the 
atria. By using a separate pulse generator to output the backup pacing pulse, the 
backup pulse can be more efficiently delivered without the need for waiting for 
an output capacitor to recharge. In the biventricular pacemaker shown in Fig. 1, 
30 for example one of the ventricular sensing/pacing channels is used to sense the 
evoked response while the other ventricular channel delivers a pace. The 
channel used to sense the evoked response can also be used to provide backup 
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pacing to the ventricle if capture is not achieved by the pace, with normal pacing 
by that channel preferably suspended. 

The controller may also be programmed to implement an algorithm for 
determining the present pacing threshold of a pacing channel and adjusting a 
5 pacing parameter accordingly using the capture verification test as described. 
The steps of such an algorithm are as follows: 

a) performing a capture verification test on the channel; 

b) raising or lowering the pacing voltage by a specified amount if capture 
was present or absent, respectively, during the preceding capture verification 

10 test; 

c) repeating the capture verification test with the raised or lowered pacing 
voltage; 

d) determining the pacing threshold as the unraised pacing voltage if the 
pacing voltage was raised at step b and a loss of capture occurred during the 

15 repeated capture verification test, or repeating steps b through d otherwise. 

The above-described threshold determination procedure may also be 
performed by adjusting the pulse width in addition to, or instead of, the voltage 
amplitude. The pacemaker controller may be programmed to perform the 
procedure, or individual capture verification tests on selected electrodes, at 

20 periodic intervals or in accordance with commands received via a telemetry link 
from an external programmer. 

Although the invention has been described in conjunction with the 
foregoing specific embodiment, many alternatives, variations, and modifications 
will be apparent to those of ordinary skill in the art. Such alternatives, 

25 variations, and modifications are intended to fall within the scope of the 
following appended claims. 
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1 . A cardiac pacemaker, comprising: 

a plurality of sensing/pacing channels, each such channel comprising an 
5 electrode for disposing near a chamber of the heart, a pulse generator for 
outputting pacing pulses, and a sense amplifier for detecting sense signals; 

a controller for controlling the operation of the pulse generators in 
response to sensed events and lapsed time intervals and in accordance with a 
programmed pacing mode; 
0 an evoked response sensing channel comprising a sense amplifier for 

sensing an evoked response generated after a pacing pulse; and, 

a switching circuit for switching the input of the evoked potential sensing 
channel to a selected electrode of the sensing/pacing channels, wherein the 
controller is programmed to perform a capture verification test at a selected time 
to test a selected sensing/channel for presence or loss of capture, the capture 
verification test being performed by sensing whether an evoked response occurs 
during a capture detection window following the output of a pacing pulse. 

2. The pacemaker of claim 1 comprising sensing/pacing channels for the 
right and left ventricles, wherein the pacemaker is programmed to pace both 
ventricles during a normal pacing cycle. 

3. The pacemaker of claim 1 wherein the input of the evoked potential 
sensing channel is switched to an electrode of a sensing/pacing channel other 
than the channel being tested during a capture verification test. 

4. The pacemaker of claim 3 wherein the controller is programmed to 
output a backup pacing pulse through a sensing/pacing channel if loss of capture 
is detected during a capture verification test 
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5. The pacemaker of claim 4 wherein the controller is programmed such 
that the backup pacing pulse is output through a sensing/pacing channel other 
than the channel being tested during the capture verification test. 

5 6. The pacemaker of claim 1 wherein the controller is programmed to blank 
the sense amplifier of the evoked response sensing channel during the capture 
verification test for a specified blanking period following a pacing pulse output 
by the tested sensing/pacing channel, wherein the blanking period is followed by 
a capture detection window during which an evoked response may be sensed. 

10 

7. The pacemaker of claim 1 wherein the controller is programmed to 
determine a pacing threshold of a sensing/pacing channel at a selected time by: 

a) performing a capture verification test on the channel; 

b) raising or lowering the pacing voltage by a specified amount if capture 
15 was present or absent, respectively, during the preceding capture verification 

test; 

c) repeating the capture verification test with the raised or lowered pacing 
voltage; 

d) determining the pacing threshold as the unraised pacing voltage if the 
20 pacing voltage was raised at step b and a loss of capture occurred during the 

repeated capture verification test, or repeating steps b through d otherwise. 

8. The pacemaker of claim 1 wherein the width of the capture detection 
window ranges from approximately 50 to 350 milliseconds. 

25 

9. The pacemaker of claim 1 wherein the pacemaker is programmed to 
perform a capture verification test on a selected channel at periodic intervals. 

10. The pacemaker of claim 1 wherein the pacemaker is programmed to 
30 perform a capture verification test on a selected channel in accordance with 

commands received via a telemetry link from an external programmer. 
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11. A method for verifying capture by a pacemaker having a plurality of 
sensing/pacing channels, comprising: 

selecting a sensing/pacing channel on which to perform a capture 
verification test; 

5 switching the input of an evoked response sensing channel to an 

electrode of a sensing/pacing channel with a switching circuit; 

outputting a pacing pulse through the selected channel; and, 
sensing whether an evoked response occurs during a capture detection 
window following the output of the pacing pulse. 

10 

12. The method of claim 1 1 wherein the pacemaker is a biventricular device 
with at least two ventricular sensing/pacing channels and further comprising 
selecting one of the ventricular sensing/pacing channels for testing and switching 
the input of the evoked response sensing channel to an electrode of another 

15 ventricular sensing/pacing channel. 

13. The method of claim 1 1 wherein the input of the evoked potential 
sensing channel is switched to an electrode of a sensing/pacing channel other 
than the channel being tested during a capture verification test. 



20 



14. The method of claim 13 further comprising outputting a backup pacing 
pulse through a sensing/pacing channel if loss of capture is detected during a 
capture verification test. 



15. The pacemaker of claim 14 wherein the backup pacing pulse is output 
through a sensing/pacing channel other than the channel being tested during the 
capture verification test. 

16. The pacemaker of claim 1 further comprising blanking the sense 
amplifier of the evoked response sensing channel during the capture verification 
test for a specified blanking period following a pacing pulse output by the tested 
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sensing/pacing channel, wherein the blanking period is followed by a capture 
detection window during which an evoked response may be sensed. 

17. The method of claim 1 1 further comprising determining a pacing 
5 threshold by performing the following steps: 

a) performing a capture verification test on the channel; 

b) raising or lowering the pacing voltage by a specified amount if capture 
was present or absent, respectively, during the preceding capture verification 
test; 

10 c) repeating the capture verification test with the raised or lowered pacing 

voltage; 

d) determining the pacing threshold as the unraised pacing voltage if the 
pacing voltage was raised at step b and a loss of capture occurred during the 
repeated capture verification test, or repeating steps b through d otherwise. 

15 

1 8 . The method of claim 1 1 wherein the width of the capture detection 
window ranges from approximately 50 to 350 milliseconds. 

19. The method of claim 1 1 further comprising performing a capture 
20 verification test on a selected channel at periodic intervals. 

20. The method of claim 1 1 further comprising performing a capture 
verification test on a selected channel in accordance with commands received via 
a telemetry link from an external programmer. 
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